I N T R O D U C T I O N
The fl exibility of the selectivity fi lter in ion channels is still a matter of debate. After the MacKinnon group had resolved the crystal structure of KcsA ( Doyle et al., 1998 ) the " snug fi t " hypothesis of ion transport through channels seemed to be established, reinforcing the suggestion of Bezanilla and Armstrong (1972) that the " oxygens of the cage " can substitute for the water shell of the permeant ion. This concept, already anticipated by Mullins (1959) , led to the postulate of a rigid structure of the selectivity fi lter. The rigidity was considered to be requisite for the correct distance of the carbonyl groups required for the substitution of the water shell for K + ions, but not for smaller Na + ions. Several experiments supported the snug fi t hypothesis, e.g., the fi nding of Kiss et al. (1999) that during C-inactivation the Shaker K + channel is converted to a Na + channel due to the shrinkage of the tryptophane ring ( Loots and Isacoff, 2000 ; Larsson and Elinder, 2000 ) .
However, molecular dynamics (MD) simulations showed that a completely rigid selectivity fi lter cannot conduct ions (KcsA: Bern è che and Roux, 2000; Roux, 2006, 2007 ) . Thus, a softer picture of the channel has emerged coming closer to the fi eld strength model of Eisenman ( Eisenman, 1962 ; Eisenman and Horn, 1983 ) . Here, selectivity is determined by the energy required to replace the binding of an ion to its water shell by the binding to the carbonyl groups ( Varma and Rempe, 2007 ) . Now, the analysis of crystal structure and MD simulations lead to a convergence of both models. Varma and Rempe (2007) found a narrow window of fl exibility within which the selectivity fi lter achieves selective K + ion partitioning. The same message resulted from MD simulations of KcsA by Noskov and Roux (2006) and Noskov et al. (2004) . If the fi lter were too rigid, K + ions could never physically partition from one binding site to another. If the fi lter were too fl exible like a liquid, K + /Na + selectivity could not occur. The simulations have shown that only K + occupies the well-ordered S0 to S4 positions in the fi lter. In contrast, Rb + (in KcsA: Morais-Cabral et al., 2001 ) coordinate at intermediate sites leading to different activation energies of permeation.
Most of the evidence for the fl exibility comes from MD simulations, but not from experimental results. Thus, it should be investigated whether the fl exibility of the fi lter is refl ected in the gating properties of the channel. Several experiments indicate gating originating from the selectivity fi lter. Blunck et al. (2006) employed fl uorescence measurements to prove that the inner gate of KcsA was really open when patch clamp records defi nitely showed gating. In GIRK channels, gating of the selectivity fi lter became obvious when the inner gate was locked in the open state by mutations (V188G; Yi et al., 2001 ) .
The fi ndings reported above lead to the question of whether the observable gating yields information about the rigidity of the selectivity fi lter and its interaction with the permeant ion. and at membrane potentials more negative than Ϫ 40 mV, the single-channel current showed a negative slope resistance concomitantly with a fl ickery block, resulting in an artifi cially reduced apparent single-channel current I app . The analysis of the amplitude histograms by ␤ distributions enabled the estimation of the true single-channel current and the determination of the rate constants of a simple two-state O-C Markov model for the gating in the bursts. The voltage dependence of the gating ratio R = I true /I app = (k CO + k OC )/k CO could be described by exponential functions with different characteristic voltages above or below 50 mM Tl + . The true single-channel current I true decreased with Tl + concentrations up to 50 mM and stayed constant thereafter. Different models were considered. The most likely ones related the exponential increase of the gating ratio to ion depletion at the luminal side of the selectivity fi lter, whereas the infl uence of [Tl + ] on the characteristic voltage of these exponential functions and of the value of I true were determined by [Tl + ] at the inner side of the selectivity fi lter or in the cavity.
Tl + -induced Gating and Aldrich (2006) revealed features that are similar to those described by Schroeder and Hansen (2007 Results similar to those from MaxiK were also obtained from Kir2.1 channels ( Lu et al., 2001 ).
Here we show that the picture becomes further refi ned when the analysis of Tl + -induced fast fl ickering in MaxiK is done with high temporal resolution as provided by the analysis of amplitude histograms by means of ␤ distributions Hansen, 2006, 2007 ) .
M AT E R I A L S A N D M E T H O D S

Electrophysiological Measurements
Measurements and data analysis were done along the same protocols as used by Schroeder and Hansen (2007) . Patch clamp measurements were performed on inside-out patches of HEK293 cells, stably expressing an h-MaxiK ␣ -GFP construct and the ␤ 1-subunit ( Lu et al., 2006 ] = 150 mM. All solutions contained 2.5 mM Ca(NO 3 ) 2 , 2.5 mM Mg(NO 3 ) 2 , and 10 mM HEPES. The channels used here were not blocked by these concentrations of divalent cations ( Schroeder and Hansen, 2007 ) . pH was titrated with KOH to 7.2. In all experiments there was 150 mM KNO 3 on at least one side (pipette or bath) as given in the fi gure legends.
Patch electrodes were made from borosilicate glass (Hilgenberg) coated internally with Sigmacote (Sigma-Aldrich), drawn on a L/M-3P-A puller (Heka) and dried at 55 ° C overnight after pulling ( Huth, 2005 ) in order to increase sealing probability to 100% and seal resistance to 100 G Ω . Single-channel currents under steady-state conditions were recorded by a Dagan 3900A amplifi er with a 4-pole anti-aliasing fi lter (Bessel) of 50 kHz. Data were stored on disc with a sampling rate of 200 kHz and analyzed with the software Kiel-Patch, downhill, and Origin (see below). Liquid junction potential was not corrected, because it was < 5 mV in all experiments.
Baseline drift, membrane fl ickering, and other artifacts would distort the amplitude histograms and lead to wrong results in the ␤ fi t. Thus, all data had to be closely inspected and cleaned manually from sections showing these kinds of artifact by means of the software Kiel-Patch. Determining apparent current amplitudes ( I app ) by fi t-by-eye using the software Kiel-Patch is described by Riessner et al. (2002) .
Defi nitions
The defi nitions of states, apparent and true single-channel current have been given by Hansen et al. (2003) and Schroeder and Hansen (2007) . In brief, a state lasts from t A to t E , if in the range ( t A ,t E ) the frequency of the time intervals between the passage of two ions can be described by one asymptotic stochastic function that is independent of the length of ( t A ,t E ). The true (or real) single-channel current I true is the current average in such an interval ( t A ,t E ). The apparent current I app is the current average over a time interval that is assigned to an apparent state in a fi ltered Several types of gating seem to be associated with the selectivity fi lter and the ions. The best-known one is C-inactivation ( Kv-channels: Kurata and Fedida, 2006 ; Yellen, 1998 ; Shaker : Starkus et al., 1997 ; Choi et al., 1991 ; Lopez-Barneo et al., 1993 ) , which closes the channel after prolonged depolarization. It is promoted by low K + , and thus is also called a foot-in-the-door effect ( Gibor et al., 2007 ) . In the LQT mutant L273F of KCNQ1, two types of selectivity fi lter -mediated inactivation mechanism were found ( Gibor et al., 2007 ) . The fast one also occurring in WT was voltage independent and had little effect on current. It became obvious only in the tail currents. The slow one was voltage dependent. In contrast to C-inactivation, this kind of gating was promoted by elevated concentrations of external K + . This acceleration of inactivation by external K + was also found in Kv2.1 ( Immke et al., 1999 ) .
The investigations here deal with fast gating, which may be similar to that found in Kir channels ( Proks et al., 2001 ; Claydon et al., 2003 ; Xie et al., 2004 ) and may also be related to the occurrence of subconductance levels during channel opening and deactivation in the T442S mutant of Shaker ( Zheng and Sigworth, 1998 ; Zheng et al., 2001 ). This kind of gating was considered to be related to fast structural changes in the selectivity fi lter. Schroeder and Hansen (2007) provided a model for the origin of the fast gating (rate constants of 10 6 s Ϫ 1 ) found in the negative slope in the IV curves of MaxiK at positive potentials. With increasing positive membrane potential, K + ions are withdrawn from the fi lter more rapidly than they can be refi lled via the inner channel from the cytosol. This leads to ion depletion in the fi lter with the consequence that the ions can no longer compensate the repulsive forces of the carbonyl groups. MD simulations of Bern è che and Roux (2005) provided a suitable candidate for the molecular moiety of KcsA involved in gating. With K + depletion in the S2 site, the amide group between G of GYG and the neighboring V reorientates, leading to a metastable closed state. A similar picture with respect to the fl ipped carbonyl groups arose from molecular dynamics simulations of the mutant V127T of Kir6.2 ( Capener et al., 2003 ) .
Another approach to the relationship between ionic milieu and the stability of the selectivity fi lter may be provided by the fl ickering currents (often indicated by negative slopes in the IV curves) observed in the presence of a second monovalent cation besides K + , like e.g., Na + (in MaxiK: Kawahara et al., 1990; in Chara: Weise and Gradmann, 2000 ; in KcsA: Nimigean and Miller, 2002) , Cs + (in Chara : Draber and Hansen, 1994 ; Klieber and Gradmann, 1993 ) , or Tl + ( Blatz and Magleby, 1984 ; Farokhi et al., 2000 ; Ilan and Goldstein, 2001 ). Renart et al. (2006) Fig. 1 are very similar to those of Piskorowski and Aldrich (2006) , also obtained from MaxiK (or BK) channel with a fi lter frequency of 20 kHz. The important common feature is the dependence of the Tl + -induced effect on the direction of the current. The effects occur only when the electrical current drags Tl + into the channel. From the fi ndings in Fig. 1 and the results of Piskorowski and Aldrich (2006) the same conclusion is drawn: the Tl + ions interact with the cavity and/or the selectivity fi lter.
Here, we refrain from a more detailed analysis of the data in Fig. 1 ( FitzHugh, 1983 ) is described by Hansen (2006, 2007 ) . Since there is no straightforward procedure to calculate ␤ distributions obtained from higher-order fi lters ( Riessner, 1998 ) , simulations instead of deterministic algorithms were employed to provide the theoretical curves ( Harlfi nger, 2003 ) . This is quite time consuming during a fi tting routine, but it turned out to be the most effi cient way to resolve fast fl ickering. As shown by Schroeder and Hansen (2006) , it is suffi cient to use a two-state Markov model (O-C) for the kinetic descriptions of the bursts in the time series. The open-point histogram (distributionper-level, Schroeder et al., 2004 ) of the apparent open state (excluding the long closed states) was obtained from the time series by means of an eighth-order Hinkley detector included in the program Kiel-Patch ( Schultze and Draber, 1993 ) . For fi tting the measured distribution-per-level to that one obtained from time series simulated on the basis of the two-state Markov model, a Simplex algorithm (Caceci and Caceris, 1984) was employed. Even though the fi t algorithm ( Schroeder and Hansen, 2006 ) also provides the automatic determination of the true single-channel current I true , the current was used as a fi xed parameter and changed stepwise in subsequent fi ts in order to study the dependence of the error sum on the assumed single-channel current. The inspection of this error sum curve was crucial to exclude fi ts that did not lead to a unique solution. The software for Kiel-Patch and for ␤ fi ts (downhill) is available at www.zbm .uni-kiel.de/software.
The true single channel conductivity g true was obtained from the linear range of the true single channel IV curves around 0 mV.
R E S U LT S
Tl
+ Effects in the ms Range + at potentials more negative than Ϫ 80 mV ( Fig. 1 A ) and for cytosolic Tl + at potentials more positive than +80 mV ( Fig. 1 G ) . This sidedness of the Tl + effect holds also for the closed-state histograms ( Fig. 1 , B, D, F, and H ) with the difference that a strong effect is only observed at potentials more positive than +80 mV.
In the dwell-time histograms of Fig. 1 , the lifetimes of the open states are much longer than those of the closed states as can be seen from the peaks at 1 ms in Fig. 1 A, which moves with increasing positive membrane potential to 5 ms in Fig. 1 G . The presence of Tl + induces an acceleration by a factor of ‫ف‬ 10 in Fig. 1 (A and G) . The lifetimes of the closed states seem to be much faster as a clear peak is not reached at the lefthand side of the histograms. However, in the light of the analysis in the + with the following solutions: 150 mM KNO 3 on both sides ( ' K + ' , black), 50 mM Tl + and 100 mM K + on the luminal side (Tl + lum, green) or on the cytosolic side (Tl + cyt, red). On the opposite side there was always 150 mM KNO 3 . 2.5 mM Mg(NO 3 ) 2 and 2.5 mM Ca(NO 3 ) 2 were included in all solutions. For the sake of clarity, only representative error bars are given, which were obtained from averaging over the error bars of bins of 25% of the value.
Tl + -induced Gating more than an artifact resulting from the fact that the distance between the sampling points is 5 μ s and the time constant of the inherent anti-aliasing fi lter of 50 kHz is much longer, i.e., 20 μ s.
With increasing length n of the averaging interval, I app,n decreases until it reaches a plateau around n = 50 -100. If the plateau is well pronounced, the current at the plateau is I app, ϱ , because here the averaging time is already long enough to reach the asymptotic value. The plateau ends when gaps between the bursts (sojourns in longliving C-states) become included in the averaging process. If a plateau is not found it is recommended to cut out all sojourns in closed states from the original time series and apply the averaging process to the remaining time series. This can be done manually by a cut routine in Kiel-Patch. In some time series (e.g., in those measured in 50 mM Tl + ), fl ickering is interrupted by so many sojourns into a very short closed state that cutting out of these states is nearly impossible. Then, the distributionsper-level can be generated by Kiel-Patch ( Schroeder et al., 2004 ) , and I app, ϱ is obtained from the expectance of the current.
In the case of the data from solutions with K + as the sole monovalent cation (squares in Fig. 3 ), the difference between I app,1 and I app, ϱ is only 3%. This results from the high rate constants at high positive voltages, making this kind of gating so fast (closed times < 1 μ s, Schroeder and Hansen, 2007 ) that the integration time of 20 μ s of the inherent anti-aliasing fi lter is already long enough to reach I app, ϱ without additional offl ine fi ltering. Aldrich (2006) . Second, we report fi ndings in the μ s range. Thus, the only reason for displaying the data in Fig. 1 is to demonstrate that the time series of MaxiK channels investigated here show the same behavior in the ms range as those used by Piskorowski and Aldrich (2006) . This emphasizes that it is the temporal range and not the usage of a different strain of MaxiK that leads to results in the μ s range, which are partly very different from those obtained in the ms range.
Finding a Defi nition of I app Being Appropriate for Model Testing
In the μ s range, the gating during the often nonresolved bursts is investigated. A major issue is the distinction between I true and I app and the question of whether a putative molecular mechanism can provide a prediction of the measured current reduction R I .
as defi ned in Materials and methods. In fl ickery time series like that one in Fig. 2 A , there are two problems, i.e., determining I true and an appropriate value for I app . Four different defi nitions for the single-channel current have to be distinguished. Two of them are shown in Fig. 2 , I app,1 and I app,n , which are obtained by a fi t-by-eye ( Riessner et al., 2002 ) from the patch clamp time series fi ltered by the inherent anti-aliasing fi lter without offl ine averaging ( n = 1, Fig. 2 A ) and with moving averaging over n data points ( Fig. 2 B ) , respectively. In addition, there are the asymptotic value I app, ϱ , which is obtained with a moving average fi lter of suffi cient length (if the burst length is long enough), and I true as defi ned above ( Hansen, 1986 ; Hansen et al., 2003 ) , which can be measured directly only when gating is much slower than the corner frequency of the anti-aliasing fi lter.
In Fig. 3 , the dependence of I app,n on the number of data points used in the moving average fi lter ( n ) is shown for three selected conditions that demonstrate the range of curve shapes occurring in the investigations presented here. Fig. 2 indicates that n = 100 is the best choice for all datasets. The graphs start at I app,1 . It has to be mentioned that I app,1 is not I true . I true has to be evaluated by ␤ fi ts as described by Schroeder and Hansen (2006) and as done below. The lefthand plateau does not assign a peculiar role to I app,1 , because it is nothing n reaches the plateau in Fig. 3 . However, the value of I app, ϱ as obtained from the plateau should be equal to I app,k , which can easily be calculated from the model parameters by means of Eq. 3, below.
Negative Slopes and Tl
+ -induced Gating
Sample recordings at Ϫ 100 mV for four different concentrations of luminal Tl + are shown in Fig. 4 . At constant membrane potential, an increase in Tl + concentration causes an increase in open-channel noise and a decrease in apparent single-channel current. The analysis here deals only with the bursts.
From records like those in Fig. 4 , IV curves of I app, ϱ were evaluated. In most cases, a moving average over 100 data points resulted in the asymptotic value I app, ϱ , as indicated by the plateaus in Fig. 3 . However, in the case of some data obtained at 50 mM Tl + , the expectance of the distribution-per-level had to be used instead. In the time series at the 25 mM Tl + , the sojourns into the additional closed state interrupting the bursts were long enough to be excluded. At 150 mM Tl + , they were so short and rare that they did not spoil the determination of the bursts. However in the 50 mM data, they were so frequent and so short that a manual elimination of the related sections was no longer possible because it became diffi cult to distinguish them from the bursts. The jump detector of the program Kiel-Patch (Hinkley detector, Schultze and Draber, 1993 ) did a more reliable job than the human eye in eliminating these short sojourns in the additional closed state when generating the distributions-per-level of the bursts.
The resulting IV curves are shown in Fig. 5 A . At positive membrane potentials where current is solely carried However, Tl + -induced gating at negative voltages is slower. The curves in Fig. 3 make obvious that now the problem arises of which value of the curves in Fig. 3 is to be used to represent the apparent current. This becomes of crucial importance when measured data are to be compared with the predictions of a putative model of the underlying molecular mechanism.
Here, it is recommended to use the current value of the plateau in Fig. 3 . Of course, by means of a convolution of I true with the anti-aliasing fi lter and the averaging process, the model could provide I app,n for each value of n . However, extracting the gating behavior from a putative molecular model of the channel already is complicated enough. Thus, it would not be wise to introduce further complications by involving convolution integrals. This caveat holds for I app,n (including n = 1) unless Hansen (2006) . The IV curves of the true singlechannel current in Fig. 5 B show strong saturation at positive and a weak indication of saturation at negative membrane potentials (here, saturation is indicated by bending away from a linear IV curve). Schroeder and Hansen (2007) fi tted the IV curves obtained from pure K + solution with a Class I model . However, the related type of equation applies to many mechanisms, and thus the success of the fi t does not help to select the " real " mechanism. It is just a means of a more reliable evaluation of the saturation currents. Nevertheless, there is one interesting feature in Fig. 5 B : the negative true single-channel current I true in the presence of luminal Tl + is smaller than that in pure K + solution. ( Fig. 6 ) of the two-state O-C model causing the gating in the bursts.
In Fig. 6 (A and B) , rate constants are also shown for the Tl + -free solution. In Schroeder and Hansen (2007) , fast gating at negative potentials was ignored. However, the open-level distributions were slightly broader than those of the closed state, indicating the existence of a marginal current reduction by fast gating.
In the presence of luminal Tl + , a biphasic dependence of the rate constants on Tl + concentration is found ( Fig. 6,  A and B ) . k OC ( Fig. 6 A ) ( Fig. 6 B ) . It is relatively constant at concentrations below 50 mM Tl + and decreases strongly above 50 mM.
The question may arise whether the opposite trends in Fig. 6 (A and B) could result from fi tting artifacts. Such doubts would account for the fact that the analysis by ␤ distributions is quite reliable in determining the ratio k OC /k CO (which is suffi cient for the correct determination of R k in Eq. 4a, below), but may have problems to estimate by K + , all IV curves show the same negative slope as the K + data do ( Schroeder and Hansen, 2007 ) ; Tl + does not seem to have any signifi cant effect. However, at negative voltages, when Tl + is drawn from the lumen into the pore, a second negative slope is induced. The effect increases monotonously with increasing Tl + concentration in the mixed solution. Similar to the negative slope on the positive side, the involvement of unresolved gating becomes obvious from the appearance of fl ickery current traces ( Fig. 4 ) .
The true single-channel current can be obtained from the analysis of ␤ distributions as tested by Schroeder tine were multiplied by a common factor a (Eq. 2) and the effect on the ␤ distributions was checked. At 150 mM, the common factor had to be 4 in order to get a horizontal line in Fig. 6 B and a monotonously increasing line in Fig. 6 A . Fig. 6 D shows that the resulting ␤ distribution (green) differs strongly from the measured one (black) already for a factor of a = 2 . This implies that the decay in Fig. 6 B is not an artifact. Similarly, lowering k CO and k OC at 50 mM Tl + by a factor of a = 3 leads to a ␤ distribution not representing the experimental results ( Fig. 6 C ) . Also, the absolute values at 25 mM Tl + must not be changed (not depicted). Thus, the tests presented in Fig. 6 (C and D) verify the biphasic behavior shown in Fig. 6 (A and B) .
the absolute values of the rate constants. With other words, the ratio
may be determined correctly, but the common factor a may be undetermined. An adequate choice of a could shift k CO at 150 mM Tl + upwards to give a horizontal line in Fig. 6 B and move k OC at 150 Tl + onto the extension of the linear slope through the values at lower Tl + concentrations in Fig. 6 A . To exclude this objection against the results in Fig. 6 (A and B) , k OC and k CO obtained from the fi tting rou- + were very short due to sojourns in very short closed events. There, I app, ϱ was obtained from the expectance of current from the distributions per level ( Schroeder et al., 2004 ) . They coincided with I app,k , indicating the high reliability of the ␤ fi t. The smooth lines present the free fi ts of R k (Eq. 5, with the parameters in Table I ) . Dashed lines are joint fi ts for 0/25 mM Tl + and 50/150 mM Tl + , respectively. Errors bars represent SEM. Number of data points are given at the curves. Table I ), even though the bending was somewhat too sharp for the 0 and 50 mM data. The more likely free fi t resulted in quite similar V G for 50 and 150 mM Tl + , but in a definitely different V G for 0 and 25 mM Tl + ( Table I , third column), explaining the failure of the joint fi t of all concentrations. The amplitude factors R k,0 obtained at 50 and 150 mM ( Table I , second column) are proportional to the concentrations (within the scatter). This does not hold for R k,0 obtained at 0 and 25 mM Tl + . These numbers seem to indicate that different mechanisms are involved at 0 and 25 mM on one side and at 50 or 150 mM Tl + on the other side. In Fig. 8 , the dependence of g true of Tl + concentration ( Fig. 8 A ) is compared with the dependence of V G ( Fig. 8 B ) . The similar saturation behavior may lead to the suggestion that both effects result from the same mechanism. Especially, the role of 50 mM Tl + becomes obvious from these curves. Also the amplitude factor R k,0 seems to change its behavior at 50 mM ( Fig. 8 C ) even though the scatter prevents a fi nal statement.
D I S C U S S I O N
The application of high temporal resolution led to results partly different from dwell-time analysis as done by Piskorowski and Aldrich (2006) and as also becomes evident from Fig. 1 . Dwell-time analysis restricted to the ms range led to a symmetrical effect: Tl + induced a shift in the dwell times of the open and closed state when it was dragged into the channel from the cytosolic or from the luminal side. In contrast, analysis in the μ s range ( Figs. 5 -7 ) revealed that Tl + -induced gating occurred only when Tl + entered from the luminal side. The fast gating effects reported here offer the chance of mechanistic explanation in terms of ion/channel interaction in the selectivity fi lter or the cavity as has already been suggested by Schroeder and Hansen (2007) In Fig. 7 , R k as calculated by Eq. 4a is compared with R I as obtained from Eq. 4b. Both gating factors are plotted vs. membrane potential for different Tl + concentrations. The coincidence of R I and R k indicates that the relationship I app, ϱ = I app,k holds.
For 0 mM luminal Tl + , strong gating effects occur only at positive membrane potentials as described by Schroeder and Hansen (2007) . In the presence of Tl + , the interesting gating occurs at negative potentials whereas the behavior at positive potentials is not shown as it is not different from that one found without Tl + . The dependence on voltage ( V ) of R k at negative potentials was fi tted with an exponential function as derived by Schroeder and Hansen (2007) . In the Appendix the derivation of this equation was adapted for the situation here.
To test whether all curves in Fig. 7 share the same characteristic voltage (as in the case of the different potassium concentrations in Schroeder and Hansen, 2007 ) , a joint fi t with shared V G and free R k,0 was attempted. This approach failed completely (unpublished data). However, it turned out that a reasonable joint fi t with common V G is possible for the pairs 0/25 mM Tl Fig. 7 Free fi t Joint fi t 0/25 and 50/150 mM ions in the selectivity fi lter of KcsA are necessary to compensate for the repulsive forces of the carbonyl groups of the fi lter. K + depletion in the S2 site of the selectivity fi lter results in reorientation of the amid group between G of GYG and the neighboring V. This metastable closed state would be converted to a more stable closed state when the V-T plane, too, reorientates. Schroeder and Hansen (2007) assumed that interrupting the K + fl ux through the fi lter by the fl ickering of the metastable state keeps the average K + concentration at a moderate value, thus preventing the full transition into the longlived closed state ( ‫ف‬ 0.4 ms, Bern è che and Roux, 2005 ).
Parameters of Eq. 5 as Obtained from Fitting the Voltage Dependence of the Gating Factor R in
It was tempting to replace ion depletion by accumulation of unfi tting ions (Tl + ) in order to adopt the hypothesis of Schroeder and Hansen (2007) to the data in Figs. 7 and 8 . However, this hypothesis leads to unlikely consequences as follows. It may be suggested that at negative potentials, cytosolic diffusion limitation causes an enrichment of Tl + (and of K + ) in the cavity. This would be in line with the fi ndings of Lu et al. (2001) , i.e., that interaction of Tl + with C169 in the cavity of Kir2.1 induces structural changes that lead to a fl ickery state and subconductance levels (which may result from fast unresolved gating). However, an exponential increase of [Tl + ] in the cavity as necessary to explain the curves in Fig. 7 is unlikely because of the limited capacity of the cavity (being occupied by nearly one ion in KcsA, Zhou and MacKinnon, 2004) . Even if we ignore this objection, the situation becomes even worse: ion accumulation in the cavity would lead to an exponentially increasing inward current. This implication is in contradiction to the curvature found in Fig. 5 B, which indicates saturation at high negative potentials.
Thus, voltage-driven Tl + enrichment does not provide a key for the understanding of the exponential increase of the gating effects in Figs. 7 and 8 . (Nevertheless, below, a slight accumulation of Tl + in the cavity or the internal side of the fi lter is considered as a secondary effect.) The exponential increase of R k has to be mediated by a different mechanism. It may be suggested that voltage exerts a direct action on the gating properties as mediated by the S4 helix or by other voltage sensors. The viral channel Kcv ( Kang et al., 2004 ) has no S4 helix but shows voltage-dependent gating and negative slopes in whole-cell currents, indicating the existence of a voltage sensor ( Gazzarrini et al., 2002 ( Gazzarrini et al., , 2006 . The Kcv also produces a negative slope in single-channel measurements ( Shim et al., 2007 ) . Thus, the S4 is not the only choice for mediating a direct effect of voltage on the protein.
However, we dislike the hypothesis of a direct voltage action on gating because it employs unproven ad hoc assumptions not backed up by the data presented here. Furthermore, it ignores the similarities of the dependence of g true and V G on [Tl + ] ( Fig. 8, A and B ) , which seem to indicate that conduction and gating are coupled In the case of fast gating found in outward currents with K + as the only monovalent cation, the exponential increase of the gating factor R was explained by K + depletion in the cavity or in the selectivity fi lter of MaxiK ( Schroeder and Hansen, 2007 ) . Because of the simultaneous occurrence of fast gating and saturation of the IV curves, this K + depletion was assumed to result from cytosolic diffusion limitation, which becomes evident when the voltage across the selectivity fi lter pulls ions out of the cavity or out of sites in the selectivity fi lter at a higher rate than that of refi lling from the cytosol. The molecular mechanism that was considered as a cause of this K + depletion -induced gating was that found by Bern è che and Roux (2005) ( Fig. 7 , Eq. 5), and (C) amplitude factor R k,0 ( Fig. 7 ence fast gating in outward currents. However, if the ion depletion is caused by the second model and not solely by cytosolic diffusion limitation, then the sugar experiments need not to be a contradiction to the basic concept of the model of Schroeder and Hansen (2007) .
(b) For the dependence of gating parameters on [Tl + ] (as described by g true , V G and R k,0 in Fig. 8 ), modulatory sites have to be considered that modify the voltageinduced gating behavior in Fig. 7 in a parametric way. Indications that the gating mechanisms considered in the Appendix can be modulated by other sites, e.g., changes in backbone fi lter interactions came from spontaneous changes in gating behavior of MaxiK ( Schroeder et al., 2004 ) . A transition from a slow gating mode with I app = I true to a fast gating mode with smaller I app and back could be shown to be related to a spontaneous change in k OC , i.e., in the lifetime of the open state ( Schroeder and Hansen, 2006 ) . k OC was also the target of K + depletion ( Schroeder and Hansen, 2007 ) .
Candidates for these modulatory sites are Tl + binding sites at the luminal surface, the fi lter, or the cavity. Since there is no evidence for luminal Tl + binding sites, we concentrate the considerations on the selectivity fi lter and the cavity. We can assume that roughly the same mole fraction holds throughout the channel because I true changes only by 40% for all mole fractions ( Fig. 5 B and Fig. 8 A ) , thus Tl + enrichment in the cavity or the fi lter refl ects the luminal mole fraction. Lu et al. (2001) found that interaction of Tl + with C169 in the cavity of Kir2.1 induces structural changes that lead to the fl ickery state and subconductance levels (which can probably be shown to be related to the same mechanism if temporal resolution were high enough). In GIRK2, Bichet et al. (2006) found an infl uence of the cavity ion on the chance of another ion to leave the fi lter, thus infl uencing conductivity. Thus, changes in the ion concentration in the cavity can exert a parallel effect on V G and on I true .
The idea of destabilization of the selectivity fi lter by Tl + is even more established. Zhou and MacKinnon (2003) found that 20 mM K + is necessary to stabilize the open crystal structure of KcsA, whereas in the case of Tl + 80 mM was required. They found higher electron densities for Tl + than for K + in the fi lter sites. Furthermore, interaction of Tl + with the carbonyl groups in the fi lter destabilizes the open state and increases the unblocking rate for Ba 2+ in Kir 2.1 ( Lu et al., 2001 ) . Even though it is obvious that the gating events in the μ s range are different from those in the ms range ( Fig. 1 and Piskorowski and Aldrich, 2006 ) , it cannot be denied that there is one peculiar common feature, i.e., the role of the Tl + concentrations around 50 mM. Piskorowski and Aldrich found that the dependence of the mean open time and the number of openings per bursts saturated around 50 mM Tl + . Fig. 7 (A and B) shows the dependence on [Tl + ] of single-channel as expected for processes of ion/channel interaction in the selectivity fi lter. Thus, the model suggested here employs two separate mechanisms for the exponential increase of R ( Fig. 7 ) and the dependence of the characteristic parameters on [Tl + ] ( Fig. 8 ) . (a) For the voltage dependence of gating, a model similar to that of Schroeder and Hansen (2007) is considered, but here with the assumption of luminal instead of cytosolic diffusion limitation. There may be two objections.
(1) It may be argued that diffusion limitation at the sink side would limit the effect of exponential increase of the voltage-driven rate constant in the selectivity fi lter. Equations A4A and A4B in the Appendix show that it does not. Thus, a model relating fast gating to diffusion limitation on both sides is feasible.
(2) Diffusion limitation at the luminal side is less obvious. It becomes prominent only when the negative charges at the pore mouth are neutralized by mutations in Kir2.1 ( Alagem et al., 2001 ; Murata et al., 2002 ) . Nevertheless, there is a small gating effect at negative potentials in WT of MaxiK as shown in Fig. 7 A . Below it is suggested that this small gating effect may be aggravated by the accumulation of Tl + in the cavity (according to a mechanism in Kir2.1 as proposed by Lu et al., 2001 ) or in the selectivity fi lter as discussed below.
Diffusion limitation at the luminal side may be caused by two different putative mechanisms that lead to saturation of I true with increasing negative membrane potentials. The fi rst mechanism causing the exponential increase in R k ( Fig. 7 ) starts from the assumption of diffusion limitation on the luminal side as corresponding to the cytosolic diffusion limitation assumed by Schroeder and Hansen (2007) for gating at positive potentials. The second alternative mechanism causes current saturation by the introduction of the law of transport site conservation as postulated in the Class I model of Hansen Hansen, 1986 ) or by the single-fi le model of Nelson (2002) .
Ion depletion occurs at the outmost inner or outmost external ion binding site of the selectivity fi lter for outward or inward currents, respectively. This depletion is presented by the empty oxygen ring shown in the 1,3 or 2,4 position of the selectivity fi lter in KcsA in Fig. 6 of Morais-Cabral et al. (2001) . The occupation of these sites (near the cavity for outward current or near the external vestibule for inward currents) decreases exponentially with the driving force. Similar to the model in Schroeder and Hansen (2007) we assume that the gating factor R increases with the inverse occupation of these sites.
The second model of diffusion limitation (availability of an empty site at the entrance) may also shed some new light on the model in Schroeder and Hansen (2007) . There, one problem was mentioned, i.e., current reduction by cytosolic sugars (as suggested by the experiments on MaxiK by Brelidze and Magleby, 2005 ) did not infl u-effect of conformational changes on the rate constants of gating.
The last feature that has to be explained is that an effect of Tl + on fast gating (inducing a negative slope in I app ) is only observed in inward, but not in outward currents ( Fig. 5 C ) . Outward currents lead to ion depletion in the cavity and/or the innermost sites of the fi lter ( Schroeder and Hansen, 2007 ) in contrast to an accumulation by inward currents. This may attenuate the difference between the ion/channel interactions of Tl + and K + . The discussion of the models above shows that it is diffi cult to extract a unique model from the physiological data. Nevertheless, there is a clear message: the selectivity fi lter is a wobbly device whose stability depends on the proper ionic milieu. This implies that a great portion of fl exibility is required when the " snug fi t " hypothesis is employed to explain the transport mechanism of the selectivity fi lter.
A P P E N D I X
If fast gating is infl uenced by changes in ion concentrations or by the occupation of putative sites, then the effects have to be considered that determine the current through the channel. There are two different mechanisms that alone or together can result in saturating IV curves as found in Fig. 5 B : a linear or a cyclic reaction scheme. It has to be mentioned that rate limitation by the loading reaction is already involved when the IV curve increases linearly instead of exponentially with membrane potential. Saturation in its common meaning (i.e., horizontal asymptotes) occurs only at very high positive potentials in Fig. 5 B . A. A Linear Scheme Consisting of Four Compartments: Cytosol (P), Cavity (S), External Vestibule (E), Lumen (L) According to Fig. 8 in Schroeder and Hansen (2007) The gross reaction constants k PL and k LP of transfer of one ion from one side of the membrane to the other side are proportional to the entering reactions k PS or k LE , respectively; since they do not occur in the denominator. (In Eq. A1, arrows from A to B present the rate constant k AB . Arrows in a row are multiplied, and the products of the rows are added, Sanders and Hansen, 1981 ) . (A1a,b) The last righthand expressions in Eqs. A1a,b are obtained for high positive or high negative membrane potentials when the voltage-driven k SE or k E S become conductivity ( g true ) and of the characteristic voltage of gating ( V G ). Saturation for both curves starts at ‫ف‬ 50 mM Tl + . The peculiar role of mole fractions with concentrations around 50 mM Tl + is also found by Piskorowski and Aldrich (2006) in the absolute values of the rate constant k OC , i.e., the Tl + -induced change in mean open times (1/ k OC in the range of 1 to 2.5 ms) ended at these concentrations. At higher concentrations, mean open times stayed constant. This corresponds to the increase of k OC up to 50 mM in Fig. 6 A and to the horizontal line at higher concentrations.
The above similarities may support the hypothesis of two different sites, one for the effect of ion depletion causing the exponential increase of the gating factor and the other one causing parametric changes of this gating. This support comes from the fi nding that Tl + infl uences the stability of the open state of μ s gating and of ms gating in a similar way. A Tl + -induced conformational change of the protein backbone may be expected to infl uence both fast and slow gating.
Nevertheless, the Tl + -induced effects are different with respect to the mean closed time. Piskorowski and Aldrich (2006) have not found an effect on the mean closed time ( ‫ف‬ 100 μ s) and also in Fig. 1 B the effect is much smaller than that on open time ( Fig. 1 A ) . In the case of μ s gating, Fig. 6 A shows a decrease of k CO at concentrations > 50 mM. An analysis combining the results of fast and slow gating is expected from fi tting the time series of the present investigation with the " Great Markov Model. " However, reaching this goal may take some time. The SQ fi t (subsequent HMM and ␤ fi t, Schroeder et al., 2005) is an adequate tool for gating analysis with a wide range of time constants, but the still unsolved problem is the fi nding of the correct Markov model. The O-O-C-C-C model used by Farokhi et al. (2000) and Hansen et al. (2003) for Tl + -induced gating in the MaxiK-like channel in Chara failed when the ␤ fi t was employed to the full amplitude histogram. It had to be replaced by a C-O-C-C-O model with separate O states. This, however, is just the beginning of a long journey.
A fi nal comment should deal with the nature of binding sites. It is probably not reasonable to assume some sort of covalent binding. Instead, a " site of interaction " should be postulated. This site feels the forces between ion and channel structure. Changes in these forces as caused by changes in ionic milieu (concentration and kind of ion) result in conformational changes of the protein. These conformational changes modify rate constants in a parametric way ( Hansen et al., 2003 ) . Such a model has several consequences. Due to the averaging effect of the deformations of the involved protein moieties, the time constants of the observed changes in gating are not related to the permeation times of single ions. Thus, the parametric effect on rate constants probably cannot be modeled by classical enzyme kinetics. Instead MD simulations are more adequate to estimate the 
with s being the electrical distance, V the membrane potential, and e 0 , k , and T having their usual meaning. Since enrichment on one side cannot exceed ⌰ C or ⌰ E = 1, the occupation at the other side has to decrease exponentially with V , i.e., ⌰ C for outward currents and ⌰ E for inward currents.
In terms of the scheme of site occupation as suggested for KcsA by Morais-Cabral et al. (2001) , the transport cycle for outward currents would be as follows. State 2,4 with empty outer oxygen ring sits there and waits for a K + ion to jump into the fi lter. After the jump, all three K + ions move in a concerted single-fi le action, and one K + ion exits at the cavity side, leaving the channel in the 1,3 confi guration. The 1,3 confi guration is converted to the 2,4 confi guration via an intermediate state with the ion and the water in the plane of the oxygen rings. At negative potentials, the ratio of the lifetime of 1,3 confi guration ( ⌰ E ) to that of the 2,4 confi guration ( ⌰ C ) is given by Eq. A5 (ignoring the other two states that may be suitably included in ⌰ E or ⌰ C ). Thus, the occupation of the outer oxygen ring by an ion decreases exponentially with negative membrane potential. This would create the behavior in Fig. 6 if we assume that the lifetime of the open state O is proportional to the average lifetime of the occupation of the confi gurations with a K + in (or near) the outer oxygen ring. This holds for concentrations < 50 mM Tl 
with [ conf 1,3] being the average lifetime of the 1,3 confi guration. Above this concentration, the lifetime of the closed state C would be lengthened. 
Insertion of Eq. A6a,b into Eq. 4a leads to the exponential dependence of the gating factor R (Eq. 5) similar to the calculations of Schroeder and Hansen (2007 very great, respectively. Because of Eq. A1,a,b, the entering rate constants determine the saturation of I true ( Fig. 5 ) .
The depletion of the intermediate compartments S or E with increasing k SE or k ES , respectively, is obtained from the balance of infl ux and effl ux (ignoring back fl ow through the fi lter).
(A2a,b) Thus, depletion by diffusion limitation can work for either direction of the current. It may be different for outward and inward currents depending on the rate constants k PS and k LE in Eqs. A2a,b, respectively.
For [Tl + ] up to 50 mM, it is assumed that the lifetime of the open state 1/ k OC is proportional to the occupation [E] and that k CO is constant, according to Schroeder and Hansen (2007) . Inserting Eqs. A3b and 4b into Eq. A2b and k OC = 1/[ E ] into Eq. 4a leads to the exponential dependence of the gating factor R in Eq. 5. At [Tl + ] > 50 mM, it has to be assumed that k CO is proportional to [ E ] in order to account for the results in Fig. 6 (A and B) . In cyclic reaction schemes like the Class I model of Hansen et al. (1981) or the single-fi le model of Nelson (2002) , another effect causes saturation, namely the law of transport site conservation. In both models, the sum of confi gurations with empty sites on the luminal and cytosolic site (plus with all sites occupied, Nelson, 2002 ) is constant, e.g., " 1 " in single-channel experiments. However, the ratio of open sites (ready to accept an ion)
